, have a toxic effect on both plant and animal cells under low pH conditions. Inhibition of root growth is the major symptom of Al toxicity in plants and is accompanied by an accumulation of Al ions in the cell wall of roots (for review, see Kochian, 1995; Matsumoto, 2000) . Al ions have been suggested to enhance peroxidation of phospholipids and proteins in cell membranes (Cakmak and Horst, 1991; Yamamoto et al., 2001) . Moreover, Al ions inhibit influx of Ca ions and perturb cytoplasmic Ca homeostasis at the root apex (Huang et al., 1992; Rengel, 1992; Rengel and Elliot, 1992; Ma et al., 2002) . It is also well known that Al ions bind to DNA and RNA molecules in nuclei and inhibit RNA synthesis (Matsumoto et al., 1977) . These interactions finally inhibit cell division and cell elongation in root tips. Many studies concerning Al-resistance mechanisms in plants have been reported and the secretion of organic acid anions (malate, oxalate, citrate, and so on) from the root tip into soil is considered the most effective strategy (Delhaize et al., 1993; de la Fuente et al., 1997; Ma, 2000; Ma et al., 2001 ).
Many Al-induced genes have been identified in Triticum aestivum, tobacco (Nicotiana tabacum), Arabidopsis, and other species. Some of these genes are induced by various stresses other than Al toxicity. For example, Al-induced wali genes were also induced by toxic levels of other metals, low Ca, and wounding (Snowden et al., 1995) . Richards et al. (1998) isolated several Al-responsive genes, such as AtPox (Arabidopsis peroxidase), AtGST (Arabidopsis glutathione S-transferase), and the pEARLI15. Since these genes have been known to be induced by oxidative stress, their results confirmed a linkage between Al toxicity and oxidative stress. Cruz-Ortega et al. (1997) isolated an Al-induced cDNA encoding a 1,3-b-glucanase and suggested that Al toxicity promotes an up-regulation of this defense-related gene. Four other oxidative stress-related genes, such as a putative Arabidopsis phospholipid hydroperoxide glutathione peroxidase gene, a catalase cDNA clone (CaCat1) isolated from Capsicum annuum L., a glutathione peroxidase gene, and an ascorbate peroxidase gene isolated from Secale cereale L. cv Blanco, were also induced by Al stress (Sugimoto and Sakamoto, 1997; Kwon and An, 2001; Milla et al., 2002) . We isolated three Al-induced genes from tobacco culture-cells, parA, parB, and NtPox (tobacco peroxidase), whose expression was induced by both Al treatment and inorganic phosphate starvation (Ezaki et al., 1995 (Ezaki et al., , 1996 . Since the parB and NtPox genes encode a glutathione S-transferase and a peroxidase, we also supposed that Al stress is probably linked to oxidative stress (Ezaki et al., 1996) . Recently, Watt (2003) identified several Al stress-induced genes from Saccharum spp. hybrid cv N19, which are homologous to Ser/Thr kinase, RAS-related protein, GTPbinding protein, and so on. Since these genes are direct or indirect participants in the signaling event in many organisms, a signaling system is suggested to be involved in Al stress. However, neither the precise induction mechanism of these genes by Al stress nor common induction mechanism between various stresses has been completely clarified yet.
It has been expected that some of the stress-induced genes can relate to the resistant mechanism(s) for the stress. For example, our Arabidopsis transgenic line carrying the parB gene showed phenotypes of resistance to Al, Na, and diamide stresses (Ezaki et al., 2000) . We therefore strongly believe that characterization of the mechanism of the gene-induction by Al stress is important to understand the mechanism(s) of the resistance to Al. Moreover, the basic information about the response mechanism to Al stress could be applied to other stresses that have similar response mechanisms to Al stress.
In this study, we used the 59-upstream region of the two AtGST genes, AtGST1 and AtGST11, as a model system for characterization of the mechanism of gene expression in response to Al stress.
RESULTS
Both AtGST1 and AtGST11 Genes Are Induced by Al Stress Richards et al. (1998) isolated an Al stress-induced clone from Arabidopsis that showed a high homology ([98%) to the AtGST cDNA clone (GenBank accession no. D17672). By contrast, two highly homologous genes to the D17672 clone (more than 99% similarity in the amino acid sequence) were found in Arabidopsis chromosome I, AtGST1 (GenBank accession no. Y11727) and AtGST11 (GenBank accession no. Y14251). The 59-upstream regions of these two genes are also homologous (described in more detail below), while their 39-downstream regions and introns show low homology in nucleotide sequences.
To clarify whether both of these two genes are Al responsive, the expression level of each gene in the whole plant was determined (Fig. 1) . Since these two genes have quite identical DNA sequences and northern analysis did not appear to be adequate to detect each expression level separately, a semiquantitative reverse transcription (RT)-PCR using gene specific primers was therefore carried out in this experiment. An approximately 2.1-and 3.7-fold higher expression of the AtGST1 and AtGST11 genes was detected by 4-h immersion in one-sixth Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) without Al (0 mM Al, 4 h), compared with each control condition (0 mM Al, 0 h). By contrast, another 1.6-to 2.1-fold higher expression of AtGST1 and about 1.8-to 2.1-fold higher expression of AtGST11 were observed at 4 h in the presence of Al (10, 30, or 50 mM Al treatment). These results indicated the induction of the two genes by Al stress, but the induction level was not so high. Since their DNA sequences show high homology, we suppose that the induction of the AtGST gene by Al stress reported by Richards et al. (1998) was a result of the combined induction of the AtGST1 and AtGST11 genes.
Construction and Characterization of Transgenic Plants Carrying GUS Reporter Genes
To characterize the functions of the 59-upstream region of these genes in Al stress, we fused approximately 1-kb upstream region of each gene (pAtGST1 and pAtGST11) to a b-glucuronidase (GUS) reporter gene (pAtGST1::GUS and pAtGST11::GUS), and the constructed plasmids were introduced into Arabidopsis ecotype Landsberg erecta (Ler). Two pAtGST1::GUS lines (7-2 and 14-1) and three pAtGST11::GUS lines (3-3, 5-2, and 15-1), carrying each fused reporter gene in the chromosome DNA, were isolated. We also constructed a positive control transgenic line, in which Richards et al. (1998) , total RNA was extracted from the whole plant of 8-d-old seedlings that were completely immersed in the one-sixth MS medium containing Al at 0, 10, 30, or 50 mM for 4 h. White square, AtGST1; black square, AtGST11. The cDNA molecules were synthesized from the extracted total RNA and then used as templates in semiquantitative RT-PCR. RT-PCR experiments were performed for three independent RNA extractions and error bars ¼ SE values. a cauliflower mosaic virus 35S promoter (p35S) was fused to the GUS reporter gene (p35S::GUS line, 17-2).
One line selected from each group (14-1 and 15-1) was grown without Al for 8 to 10 d and then their roots were exposed to various concentrations of Al for 24 h. GUS enzyme activity in the whole plant was determined to estimate the gene expression pattern of each reporter gene for 24 h (Fig. 2A) . The GUS activity in the p35S::GUS line and in Ler (nontransformant, negative control) was kept high and low during the treatment, respectively. Since Arabidopsis has no domestic GUS gene, we concluded that the observed basal fluorescence in Ler derived from self-fluorescent materials in the plant. The basal GUS activity (0 mM Al, 0 h) in 14-1 or 15-1 was slightly higher than that in Ler, but much lower than that in the p35S::GUS line (17-2). In the pAtGST1::GUS line, induction was immediately observed by various Al treatments (50, 100, and 200 mM) and maximum activity was detected after a 2-h exposure. The pAtGST11::GUS line showed a slower response and a maximum induction of GUS after the 8-h Al treatment. The GUS activity in each Al-treated line gradually decreased after a 4-h or 12-h treatment. There was no clear relation between induction of GUS activity and Al concentration in the pAtGST1::GUS line, while the induction of enzyme activity by 200 mM Al was always lower than that by 50 or 100 mM Al in the pAtGST11::GUS transgenic line. To confirm the variation in the Al-dependent gene expression pattern, we exposed all constructed transgenic lines to 100 mM Al for 0, 2, or 8 h. As shown in Figure 2B , 7-2 carrying the pAtGST1::GUS gene showed a higher GUS activity after exposure to Al for 2 h than for 8 h, and the gene expression pattern was very similar to that in 14-1. The pAtGST11::GUS lines, 3-3 and 5-2, showed higher GUS activities after an 8-h exposure than after a 2-h exposure and their patterns were consistent with that of 15-1. These results indicated that both AtGST1 and AtGST11 are Al stress induced genes, but their expression patterns were different. As representatives of these lines, 14-1 and 15-1 were mainly used for further analyses.
To ascertain the location of gene expression in each transgenic plant, we examined the GUS activity by GUS staining (Fig. 3A) . The positive control line carrying the p35S::GUS gene (17-2) constitutively showed a high gene expression in root and leaf regions independent of the Al treatment, while the nontransformed plant (Ler) showed no GUS activity. This result Figure 2 . GUS enzyme activity determined by a fluorescent method after Al stresses. A, Three transgenic plants (p35S::GUS line 17-2, black symbols in the left graph; pAtGST1::GUS line 14-1, white symbols in the left graph; pAtGST11::GUS line 15-1, white symbols in the right graph), and Ler (black symbols in the right graph) were exposed to various Al stresses: 0 ( or d), 50 (n or m), 100 (Ã or n ), and 200 mM (, or .) for 24 h. Each point represents the mean value for two independent experiments. B, Increase of GUS activity by 100 mM Al stress in the constructed transgenic lines. Two pAtGST1::GUS lines, 7-2 and 14-1, and three pAtGST11::GUS lines, 3-3, 5-2, and 15-1, were exposed to 0 or 100 mM Al stress for 0, 2, or 8 h: white square, 0 h; dotted square, without Al for 2 h; square with diagonal lines, with 100 mM Al for 2 h; gray square, without Al for 8 h; black square, with 100 mM Al for 8 h. Error bars ¼ SE values (n ¼ 3). In both A and B, soluble proteins extracted from the whole plant were used for detection of GUS enzyme activity. The activity was shown in arbitrary units per 1 mg of extracted protein.
supports our hypothesis that the basal fluorescent value detected in Ler in Figure 2A (0 mM Al, 0 h) is not 4-methylumbelliferyl-b-d-glucuronide specific. Pale blue spots were observed in the leaf of the pAtGST1::GUS line (14-1) even at 0 h, and this basal level of GUS activity was maintained for 24 h without Al (we showed only the result of the treatment without Al for 2 h in Fig. 3A ). Slightly darker blue spots were detected in leaves after 1 to 2 h of Al treatment in this line as the maximum induction. The pAtGST11::GUS line (15-1) showed a negligible GUS activity in the whole plant at 0 h, and a low activity was detected in the root or leaf of untreated plants after 8 h. While an increase of GUS activity in leaves was caused by exposure to 100 mM Al for 4 h, the maximum induction was seen after 8 h of exposure. Pale blue spots were also detected in the root tip region and in lateral roots after an 8-h exposure in this line. These blue spots in the pAtGST11::GUS line became pale blue after the 24-h treatment (data not shown). . GUS staining for plants exposed to Al and other stresses. Roots of three transgenic lines [the p35S::GUS line (17-2, positive control), the pAtGST1::GUS line (14-1), or the pAtGST11::GUS line (15-1)] and a nontransgenic plant (Ler; negative control) were exposed to Al stress and then the whole plant was stained to detect GUS activity. A, Gene expression patterns in young seedlings (8-10 d old) exposed to 0 or 100 mM Al. Since similar staining patterns were obtained in Ler and p35S::GUS line (17-2) independent of Al stress, their staining patterns at 0 h were shown. ÿAl, 0 mM Al; 1Al, 100 mM Al. B, Gene expression patterns for various stresses in the pAtGST1::GUS and the pAtGST11::GUS transgenic lines. Young seedlings (8-10 d old) of each line were exposed to various stresses as described in ''Materials and Methods'' for 24 h and then stained. 
Gene Expression in Response to Other Stresses
Plant GST genes are induced by various stresses, such as Al stress, oxidative stress, auxin treatment, and inorganic phosphate starvation (Takahashi and Nagata, 1992; Ezaki et al., 1995 Ezaki et al., , 1996 Richards et al., 1998) . To determine which stresses can induce the gene expression of the AtGST1 and AtGST11 genes, we exposed the transgenic lines to various stresses for 24 h, such as cold stress (48C), heat stress (378C), H 2 O 2 (1 mM), methyl viologen (40 mM), diamide (1 mM), CdCl 2 (100 mM), CuSO 4 (100 mM), NaCl (100 mM), and ZnCl 2 (200 mM), and then determined GUS activity (Fig. 4) . Compared with the control treatment (none, 0 h), higher GUS activities (more than 2-fold) were detected in both lines after exposure to cold stress, H 2 O 2 , and methyl viologen. Higher activities were individually observed by heat stress and by CuSO 4 , respectively. Gene expression was also determined by GUS staining after exposure to various stresses for 0, 4, 8, and 24 h and maximum induction was observed after exposure for 8 to 24 h ( Fig. 3B ; only the results of a 24-h treatment were shown). Clear blue spots derived from GUS activity were detected in both transgenic lines affected by cold stress, heat stress, and oxidative stresses (H 2 O 2 and methyl viologen). The pAtGST11:: GUS reporter gene, moreover, responded to metal toxicity (Cd and Cu) and diamide. Most of the GUS activity was observed mainly in the leaf region in both lines. One exception was the production of blue spots in the roots, but not in leaves after diamide treatment in the pAtGST11::GUS line.
Comparison of the Promoter Region of AtGST1 and AtGST11
A homology search for the nucleotide sequence between the 59-upstream region of these two genes (1,053 bp from ATG site for AtGST1 and 1,079 bp for AtGST11) was performed using GENETIC MAC version 10 (Software Development, Tokyo), and the longest identical sequence was found between the 483-bp fragment (AtGST1) and the 417-bp fragment (AtGST11) in the 59-upstream region (Fig. 5) . Putative TATA boxes of these genes (TATAAA) were located in the 373-to 378-bp region (AtGST1) and 316-to 321-bp region (AtGST11), respectively. Motif sequences were also searched using GENETIC MAC version 10, but we could not find any motif sequences between the TATA box and ATG site in both genes. The AtGST1 promoter, but not the AtGST11 promoter, had the following three sequences: (1) a 32-bp sequence was repeated in the 12-to 43-bp region and in the 33-to 64-bp region (this sequence was seen only in the 29-to 58-bp in the AtGST11 promoter), (2) a 49-bp length of T-rich region in the 146-to 194-bp region, and (3) a 21-bp A-rich region in the 288-to 308-bp region. Moreover, two big gaps, designated DGap1 and DGap2, were observed only in the AtGST11 promoter (the size of DGap1 and DGap2 were 49 bp and 9 bp, respectively). Since no identity was seen in the region more upstream than the 32-bp repeated sequences, we suppose that an approximately 480 or 420 bp of 59-upstream region from the ATG site probably carries the sequence(s) induced by Al stress.
Proposed Signaling from Roots to Leaves by Al Stress
Roots of the two pAtGST::GUS lines were exposed to Al stress, but the increase in GUS activity was mainly detected in leaves, suggesting an existence of Al-stress dependent signaling from the roots to leaves (Fig. 3A) . To prove whether this hypothesis can be applied to adult plants as well as young seedlings, 25-d-old plants of the pAtGST11::GUS transgenic line (15-1) and two control lines were exposed to 100 mM Al for 0, 2, 4, 8, or 24 h (Fig. 6A) . The negative control line (Ler) and the positive control line (p35S::GUS, 17-2) showed no staining and strong uniform staining throughout the plants during the 24-h period, respectively (their results at 0 h were shown only in Fig. 6A ). In the absence of Al, 15-1 line showed a negligible level of staining during the 24-h period. Blue spots were observed in rosette leaves after exposure to Al stress for 2 h and then became widespread after exposure for 4 h. New spots appeared over the whole plant including the top leaves after exposure to Al for 8 h. Blue spots disappeared from the top region and only pale blue spots were observed in rosette leaves after exposure to Al for 24 h (data not shown). Since the shoot was never directly exposed to Al stress, the blue spots on adult leaves after exposure to Al also strongly suggested a gene expression induced via a deduced signaling. Most leaves of the p35S::GUS line (17-2) exposed to Al stress were uniformly stained to a similar degree as those not exposed to Al stress, while the staining in the Al-treated leaves of the two pAtGST::GUS lines (14-1 and 15-1) showed a slight variation. The potential differences in GUS staining at the organ level were examined by microscopic observation (Fig. 6B) . The complete leaf area including veins was stained substantially and uniformly in the control p35S::GUS line (17-2). By contrast, gene expression of the pAtGST11::GUS in 15-1 line did not occur randomly, but always in some parts of veins and associated areas in leaves. Compared with the leaf slightly stained pale blue (Fig. 6B, pAtGST11: :GUS, left), the number as well as the size of spots increased in leaves, which were stained darker (Fig. 6B, pAtGST11: :GUS, middle and right). Furthermore, the staining pattern in the root after Al treatment was also different between 17-2 and 15-1 lines. The root tip and the central cylinder were uniformly stained in the 17-2 line, while root tips and/ or other parts of roots (rather than central cylinder) were stained in 15-1 line. Figure 5 . Structural comparison of the pAtGST1 and pAtGST11. DNA sequences of approximately 1-kb fragments of each gene were compared and homologous regions were shown here. Each initiation ATG exists in 483 to 485 bp and in 417 to 419 bp, respectively. Identical nucleotides were marked with asterisks. Several gaps (-) were inserted in both sequences to obtain maximum identities. Two big gaps seen in pAtGST11 were named DGap1 and DGap2. Repeated sequences (32 bp), T-rich region, and A-rich region existing in pAtGST1 were shown with thin, bold, and broken upper lines, respectively. The bottom picture shows an image of structural differences between the two sequences. Many studies have investigated a relation between Ca nutrition and Al toxicity. Influx of Ca ion and Ca homeostasis are rapidly inhibited at the root apex by Al treatment (Huang et al., 1992; Rengel, 1992; Rengel and Elliot, 1992) . Al toxicity is ameliorated by an elevation of Ca ion levels in the rooting media (the Cadisplacement hypothesis; Kinraide et al., 1994) . Does low Ca condition therefore enhance the Al-dependent gene expression level of AtGST11::GUS in the shoot? To answer this question, we exposed the transgenic lines to the four media described in ''Materials and Methods'' for 16 h (1Ca medium, 1lanthanum (La) medium, 1EGTA medium, or ÿCa medium) and then . Only roots were exposed to 100 mM Al. ÿAl, 0 mM Al; 1Al, 100 mM Al. B, Microscopic observation of leaves and roots of the Al-treated seedlings. The p35S::GUS line (17-2) and pAtGST11::GUS line (15-1; 8-10 d old) were exposed to 100 mM Al for 8 h and then stained. Three leaves stained in different degrees were shown for 15-1 line. Blue spots observed in vein were shown by arrows. treated the plants with the same medium in the presence or absence of 100 mM Al for another 12 h. The gene expression pattern during the 12-h treatment was shown in Figure 7A . There was no change in GUS activity either during the 16-h pretreatment (data not shown) or the following 12-h treatment in the absence of Al (black symbols in Fig. 7A ). These results indicate that the GUS activity in shoot was maintained almost at the same basal level regardless of Ca concentration in the media. By contrast, the GUS activities under the four conditions were all increased in the presence of 100 mM Al treatment (white symbols in Fig. 7A , maximum expressions were observed after 8-h exposure in each treatment). GUS activities under the three disturbed conditions (1Al1La, 1Al1EGTA, and 1AlÿCa) were always higher than that under 1Ca condition (1Al1Ca) during the 12-h treatment. Significant differences (P \ 0.05) were especially seen between 1AlÿCa and 1Al1Ca conditions after 4 h or 8 h exposure to Al. These results suggested that the low Ca condition in medium can enhance the Aldependent GUS induction in the shoot region. To confirm the reproducibility, we exposed three transgenic lines carrying the pAtGST11::GUS gene, 3-3, 5-2, and 15-1 lines, to the 1Al1Ca and 1AlÿCa media for 8 h (Fig. 7B ). All three lines showed a higher GUS activity in 1AlÿCa condition than in 1Al1Ca condition.
Expression of Two AtGST

DISCUSSION
In this study, we have characterized the gene expression mechanism of two Al-induced Arabidopsis GST genes (AtGST1 and AtGST11) under Al stress and other stresses by a combination of two approaches, a fluorescence metrical method and GUS staining. The results indicated that these two genes are induced by Al stress with a different degree. The AtGST1 gene was constitutively expressed at a low level and its maximum induction by 100 mM Al was seen after 2 h, mainly in leaves. This gene was highly induced by heat stress, cold stress, and oxidative damages rather than by Al stress. Expression of the AtGST11 gene was negligible in leaves under the nonstressed condition, and its steady expression was observed in leaves and roots after 8-h Al treatment. Response to the various stresses suggested that each gene has a common responsive promoter for the stresses. Our results are, moreover, consistent with the hypothesis that Al stress, heat stress, cold stress, and some metal toxicity simultaneously cause oxidative stress (Ezaki et al., 1996 (Ezaki et al., , 1998 (Ezaki et al., , 2000 Sugimoto and Sakamoto, 1997; Richards et al., 1998) . We speculate Figure 7 . Al-dependent expression of pAtGST11::GUS gene in shoot region under with or without Ca condition. A, Effect of depletion of Ca ion on the gene expression of the AtGST11::GUS in shoot region of 15-1 line. The seedlings (8-10 d old) were kept in four media (see ''Materials and Methods'') for 28 h (pretreatment for 16 h and treatment with or without 100 mM Al for another 12 h). Control medium (1Ca medium), or d; ÿCa medium, n or m; 1La medium, Ã or n; 1EGTA medium, , or .. White and black symbols indicate conditions with and without Al, respectively. After cutting off the roots, the shoots were used for extraction of soluble proteins. GUS enzyme activity is shown in arbitrary units per 1 mg of extracted protein. Error bars ¼ SE values (n ¼ 3-5). B, Effect of Ca ion on the gene expression in three pAtGST11:: GUS lines. Young seedlings of three pAtGST11::GUS lines (3-3, 5-2, and 15-1) were treated with two media (1Ca medium or ÿCa medium) for 24 h (pretreatment for 16 h and treatment with or without 100 mM Al for another 8 h). White square, pretreatment with 1Ca medium for 16 h; dotted square and gray square, pretreatment with 1Ca medium for 16 h and then continuous treatment with 1Ca medium for another 8 h without and with 100 mM Al, respectively; white square with lines, pretreatment with ÿCa medium for 16 h; black square with lines and black square, pretreatment with ÿCa medium for 16 h and then continuous treatment with ÿCa medium for another 8 h without and with 100 mM Al, respectively. Two independent experiments were performed for 3-3 line. Error bars for 5-2 and 15-1 lines ¼ SE values, which were calculated from three independent experiments. Statistical analysis was performed for the latter two lines and significant differences were seen in 5-2 line (P \ 0.01; double asterisk) and in 15-1 line (P \ 0.05, single asterisk) between 1AlÿCa and 1Al1Ca conditions. that a common response mechanism perceives each stress and induces expression of the pAtGST1 and pAtGST11 genes.
A DNA database search revealed more than 30 GST genes in Arabidopsis. The AtGST1 and AtGST11 make a cluster with two other GST genes on chromosome I. The AtGST1 and AtGST11 genes are highly homologous to each other in the coding region and the 59-upstream region, but they do not have high homology to other GST genes. These data strongly suggested that they encode similar GST isozymes and that these two genes can be classified into a small gene subfamily. Recently, we learned that the AtGST30 gene is also induced by Al stress (H. Koyama, Gifu University, Japan, personal communication), but there is no homology in the promoter sequence between our two AtGST genes and the AtGST30 gene. The pAtGST1 and pAtGST11 region probably carry sequence(s) for the response to Al stress, but the promoter sequences in other AtGST genes may also be responsive to this stress. We are now planning a macroarray analysis using all the reported GST genes in Arabidopsis to clarify whether the AtGST1 and AtGST11 genes are similar to the other AtGST genes in response to Al stress or not. This polygenetic analysis will be a worthwhile work to clarify whether the Al response mechanism of these two genes are distinct from those of other members.
Our GUS staining experiments provided insight into the nature of an Al stress-dependent signaling system in Arabidopsis. The plant organ directly exposed to Al stress and the plant organ where the gene expression could be observed were different in many cases. Specifically, the experiment using adult plants clearly indicted this point. The young seedlings of transgenic plants also showed similar responses to other stresses, such as H 2 O 2 , methyl viologen, and metal toxicity. One simple explanation is a common response for resistance against each stress. Alternatively, a stressspecific signal may be transferred from the organ exposed to the stress to the unexposed organ, which causes a gene induction of AtGST. Similarly, Larsen et al. (1997) reported a signaling of Al stress between roots and shoots. They indicated that the Al-induced damage in the shoot of the Al sensitive als3 mutant was dependent on the presence of Al-exposed root, and suggested that the effects of Al on shoot development in the als3 seedlings were the result of delocalized expression in shoots of stress signals generated in roots. In this study, we showed a possibility that the degree of Al toxicity can affect the gene response of the AtGST11::GUS in the shoot. Compared with 1Al1Ca treatment, a higher GUS activity was observed in the 1Al1La, 1Al1EGTA, and 1AlÿCa conditions. This enhancement of the gene expression could be observed in all pAtGST11::GUS lines. Does the Ca ion-depleted condition also have a similar effect on other stresses, such as H 2 O 2 stress? To answer this question, the three transgenic lines, 3-3, 5-2, and 15-1, were precultured for 16 h according to the procedure shown in ''Materials and Methods,'' and then treated for 24 h in the presence of 1 mM H 2 O 2 with or without Ca ions. This result indicated that depletion of Ca ions in H 2 O 2 treatment does not have a clear effect on the enhancement of the GUS activity in the shoot (data not shown). The effect of Ca depletion on GUS enzyme activity in the shoot seems to be Al stress-dependent. Since we showed that Ca ions are not directly related to the gene expression of AtGST11::GUS in the shoot in the absence of Al, it seems unlikely that Ca ions in the root are the main factor or trigger for the deduced signaling system in Al stress. Ca ions have been reported to ameliorate Al toxicity via the Ca iondisplacement hypothesis (Kinraide et al., 1994) ; it is therefore supposed that our Ca depleted condition enhanced the Al toxicity in the root. We moreover suppose that the degree of Al toxicity in the root probably controls the intensity of the signaling system from root to shoot. In this study, we noticed a difference in GUS staining between the tested lines. The control transgenic line carrying p35S::GUS gene showed uniform GUS staining in leaves, while the pAtGST11::GUS line showed blue or pale blue spots on leaves affected by Al stress. Our microscopic observations of Al-treated leaves of young seedlings (AtGST11::GUS line) indicated that the blue spots occurred in veins or in the surrounding area. We speculate that the stress-specific signal(s) or activation factor(s) is transferred to leaves via veins from other plant organs (e.g. roots), gradually spreads from the veins to the associated areas, and is then received by receptor(s) to induce the expression of the AtGST genes.
MATERIALS AND METHODS
Plant Material and Growth Condition
Plants of Arabidopsis ecotype Landsberg erecta (Ler) were grown under fluorescent illumination (approximately 50 mE m ÿ2 s ÿ1 , 16 h of light and 8 h of darkness) at 228C. A modified MS medium containing MS salts, B5 vitamins, and 10 g/L sucrose, adjusted to pH 5.7 was used for plant transformation. Another modified MS medium, in which MS salts and B5 vitamins were diluted six times (one-sixth MS medium), was used for Al stress (adjusted to pH 4.2) as well as other stresses (adjusted to pH 5.7). The one-sixth MS medium also contained 10 g/L sucrose as a carbon source.
Construction of Reporter Plasmids and Transgenic Plants
Control plasmid pBI121 (Clontech Laboratories, Palo Alto, CA), carrying a p35S::GUS gene, was used for construction of a positive control transgenic plant and for construction of other GUS reporter plasmids. The 59-upstream region of the AtGST1 gene (pAtGST1; 939 bp) or AtGST11 gene (pAtGST11; 1,077 bp) was prepared by PCR using genome DNA as a template. PCR was performed for 30 cycles (denature at 948C for 60 s, anneal at 608C for 60 s, and extension at 728C for 90 s). Four DNA oligomers, P4F (TTGGAAGAGGG-CATGTG) and P4R (GTTAATACTGTGTTTTTCTTGTTCTTA) for pAtGST1, and P5F (TTACCAGGGAGACGGAGAC) and P5R (TTGTTCTTAAAGC-AAGGTGGA) for pAtGST11, were used as primers for PCR. The amplified fragments were sequenced to confirm their DNA sequences. These fragments were blunt-ended and then exchanged with the SmaI fragment of pBI121 carrying the p35S sequence. The generated plasmids were designated pEM14 (pAtGST1::GUS) and pEM15 (pAtGST11::GUS), respectively. Arabidopsis was transformed by the vacuum infiltration method described by Bechtold et al. (1993) .
Semiquantitative RT-PCR for Detection of Gene Expression
Total RNA was extracted using TRIzol Reagent (Life Technologies/ GibcoBRL, Gaithersburg, MD). Semiquantitative RT-PCR was carried out using a kit, SuperScript First-Strand Synthesis System for RT-PCR (Life Technologies/GibcoBRL). To identify each PCR product separately, we used four oligomers (P2F, GGCAAGGACATGGCGAT; P2R, CCACTTTTATTA-CATCTTCTGATCGATA; P3F, TCCAAGGACATTGCGGG; P3R, CGGCAC-TTTATTCAATCTTCTGATT) as primers in the RT-PCR. P2F and P2R were used in PCR for the AtGST1 gene, while P3R and P3F were used for the AtGST11 gene. PCR was performed in the DNA Thermal Cycler programmed for 22, 24, 26, or 28 cycles at 948C for 30 s, 608C for 30 s, and 728C for 30 s. To ensure that approximately equal amounts of RNA were used for amplification, we performed control PCR with mRNA encoding the b-tubulin. PCR products (approximately 400-bp products for each AtGST gene) were resolved by agarose-gel electrophoresis. After staining of the agarose-gel with ethidium bromide, PCR products were quantified by detecting the strength of their fluorescence signals using the public domain NIH Image program (developed at the United States National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-image).
Experimental Condition of Al Stress and Other Stresses
Plants were treated with Al stress and other stresses under sterile hydroponic conditions using plant growth racks. Sterilized seeds were incubated at 48C for 4 d and then plated on a nylon-mesh square cup (mesh size, 300 mm; cup size, 40 mm [W] 3 40 mm [L] 3 10 mm [H] ). This square cup was kept floating with a sponge support on 130 mL of one-sixth MS medium (pH 4.2) without Al. Roots of young seedlings grown for 8 to 10 d (with 15-30 mm length of roots) were treated with various concentrations of Al. After the treatments, plants were washed several times with distilled water and then stored at ÿ208C. When adult plants were used, seeds were plated on 150 mL of one-sixth MS medium gelled with 1.5 g gelangum L ÿ1 in plant growth racks and cultured for 25 d. The plants were picked up from the gel carefully not to cause any physical damage and the root regions were exposed to fresh onesixth MS medium with or without Al (0 or 100 mM) for various periods (0, 2, 4, 8, or 24 h). The treated plants were stored at ÿ208C. The effects of depletion of Ca ions on the expression of the pAtGST11::GUS gene were examined by treating the roots of young seedlings (8-10-d-old) in the following four media for 16 h as pretreatment: (1) 1Ca medium (pH 4.2); one-sixth MS medium (this medium initially contains 500 mM Ca), (2) 1La medium (pH 4.2); one-sixth MS medium containing 50 mM La, (3) 1EGTA medium (pH 4.2); one-sixth MS medium containing 3 mM EGTA, or (4) ÿCa medium (pH 4.2); one-sixth MS medium prepared without Ca ions. EGTA and La were used as a Ca chelator and a Ca flux blocker, respectively (Ryan and Kochian, 1993; Marshall et al., 1994; Zhang et al., 1999; Sasaki et al., 2002) . After the pretreatment, roots were exposed to the same medium for another 12 h with or without Al treatment (0 or 100 mM). At 0, 4, 8, or 12 h after the start of this treatment, the shoot region was collected and stored at ÿ208C.
For other metal toxicity and oxidative stresses, roots of young seedlings described above (8-10 d old) were exposed to one-sixth MS medium (pH 5.7) containing 100 mM CdCl 2 , 100 mM CuSO 4 , 100 mM NaCl, 200 mM ZnCl 2 , 1 mM diamide, 1 mM H 2 O 2 , or 40 mM methyl viologen for 0, 4, 8, or 24 h. For cold and heat stresses, young seedlings grown at 228C were transferred to fresh onesixth MS medium and then whole plants were exposed to 48C or 378C for 0, 4, 8, or 24 h.
GUS Assay
According to the methods described by Jefferson et al. (1987) , GUS enzyme activity in the tested plants was determined by staining with X-glucuronide (Life Technologies/GibcoBRL) and/or a fluorometrical detection using 4-methylumbelliferyl-b-D-glucuronide (Life Technologies/GibcoBRL) as a substrate.
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers D17672, Y11727, and Y14251.
